A set of high-energy lithium-ion pouch cells consisting of thick Li(Ni 0.6 Mn 0.2 Co 0.2 )O 2 (NMC622) cathodes and thick graphite anodes were cycled under 1C-rate charge and 2C-rate discharge at room temperature. Fresh and cycle aged cells were characterized via various techniques, including cell capacity test, in-situ three-electrode cell and electrochemical impedance spectroscopy (EIS). The high-energy cells of ∼200 Wh/kg studied have a cycle life of ∼1419 cycles at capacity retention of ∼75%. It is found that the capacity fade can be characterized into three stages: an initial stage of fast capacity drop, a second stage of gradual capacity loss, and a final stage of sharp capacity fade. The capacity fade is mainly due to loss of lithium inventory in the cells caused by growth of SEI layer during the initial and secondary stages and lithium plating during the final stage. Power fade of the cells is mainly due to the degradation of NMC622 cathode including the growth of surface film on NMC622 electrode active materials and the increase in its charge-transfer resistance. In addition, the power fade exacerbates the cell's capacity fade at low temperatures. Lithium ion batteries are considered one of the promising power systems for plug-in and pure electric vehicles (EV) due to their relatively high energy and high power densities.
Lithium ion batteries are considered one of the promising power systems for plug-in and pure electric vehicles (EV) due to their relatively high energy and high power densities. 1 In order to further increase the driving range of electric vehicles, it is desirable to improve the energy density of Li-ion batteries. There are two ways to improve the energy density of Li-ion batteries: improve and utilize high-capacity electrode materials, such as Ni-rich Li(Ni x Mn y Co z )O 2 (NMC) (x+y+z = 1, x≥0.5) layered oxides [2] [3] [4] [5] and Li-rich layered oxides 6, 7 used as positive electrode materials, Si-based composites 4, 6 and Li metal 8, 9 used as negative electrode materials; and increase the portion of active electrode materials contributing to the cell energy while minimizing the portion of non-active components, such as separators and current collecting foils, through optimization of cell design. [10] [11] [12] In the latter category, high active material loading or thick electrode is a major direction. In the present paper, Li-ion batteries with thick graphite anodes and thick Ni-rich NMC cathodes will be explored for near-term EV batteries.
Cycle life is a major limitation for ultra-thick electrodes in high energy density batteries, among other concerns of power density, low temperature performance and fast-charging capability. 10 For EV applications, the battery should last for more than 10 years for customer acceptance. In the past two decades, extensive effort has been made to improve the cycle life of Li-ion batteries and understand their degradation mechanisms, especially for high power Li-ion batteries. [13] [14] [15] [16] [17] [18] Capacity fade and power fade have been reported to be two main types of degradation of Li-ion batteries. 17, 18 There are several main factors associated with the capacity fade of Li-ion batteries including the formation/growth of the SEI layer on the graphite anode/electrolyte interface, 13, 14, 19 the loss of active electrode materials due to structural and chemical instability (e.g. volume change, phase transition, and dissolution), 14 and Li plating at low temperature or over-charge conditions. 13, 14, 20, 21 These processes lead to the consumption of lithium inventory, and thus a decrease in cell capacity. The power fade of Li-ion batteries is mainly associated with the internal impedance rise. A lot of factors are attributed to the cell impedance rise including the formation/growth of the SEI layer on graphite anode/electrolyte interface, 13, 14, 19 the formation/growth of passivation layers at cathode/electrolyte interface, 13, 14 the loss of the contact between cell components, 14 the reduction of the conductivity of polyvinylidene fluoride (PVDF)-carbon composite binder, 22 and * Electrochemical Society Member. z E-mail: cwx31@psu.edu the reduction of electrolyte conductivity caused by the electrolyte decomposition.
14 Moreover, power fade of Li-ion batteries will lead to an additional capacity fade by lowering the operating voltage range. The degradation mechanisms of Li-ion batteries also depends on the cell chemistry, 17, 23 electrode structure, and operating conditions. 20, 24, 25 For example, high energy Li-ion batteries with thick electrodes may age differently than high power counterparts with thin electrodes. However, there are few reports on the investigation of degradation mechanisms for thick-electrode, high-energy Li-ion batteries in the literature. Li(Ni 1/3 Mn 1/3 Co 1/3 )O 2 (NMC111) has already been commercialized for EV applications due to its relatively high capacity, low cost and excellent safety characteristics. 3 However, its specific capacity is only 150∼160 mAh/g, which is still not high enough for next-generation EV applications. 3 Ni-rich NMC layered oxides can deliver higher capacity than NMC111 and potentially increase the energy density of lithium ion batteries. However, with increasing Ni content, Ni-rich NMC shows worse rate capability and poor stability. Great effort has been made to improve the stability and cycle life of Ni-rich NMC materials. For example, the stability and cycle life of Ni-rich NMC materials can be improved by surface modification/coating, 26, 27 coreshell structure 28, 29 and concentration-gradient structure. 5, 30, 31 Most of the work on the evaluation of the cycle life of Ni-rich NMC materials has been done in either coin cells 3, 5, 31 or small pouch cells, 5 and little work about the cycle life of Ni-rich NMC in large-format pouch cells has been reported in the literature. 10 In this work, a set of high-energy pouch cells consisting of thick Li(Ni 0.6 Mn 0.2 Co 0.2 )O 2 (NMC622) cathodes and thick graphite anodes are cycled under 1C-rate charge and 2C-rate discharge at room temperature. Fresh and cycle aged cells at different cycle numbers will be diagnosed in two-electrode and in-situ three-electrode cells.
Experimental
Cell fabrication.-We fabricated ∼3.3 Ah pouch cells using LiNi 0.6 Mn 0.2 Co 0.2 O 2 (Umicore) as positive electrodes and graphite (Nippon Carbon) as negative electrodes with 1.0 M lithium hexafluorophosphate (LiPF 6 ) dissolved in ethylene carbonate (EC) / ethyl methyl carbonate (EMC) (3:7 by wt) + 2 wt% vinyl carbonate (VC) as electrolyte (BASF). The negative-to-positive (N/P) capacity ratio was designed at 1.2. The pouch cells contained 14 layers of negative electrodes and 13 layers of positive electrodes. A Celgard-2325 separator, 25 μm in thickness, was used. The negative and positive electrodes were fabricated using the same method as reported by our group before. 32, 33 The loadings of NMC622 in the positive electrode and graphite in the negative electrode were ∼19.4 and ∼12.1 mg/cm 2 , respectively; and the total thickness of the double-sided positive and negative electrodes (including Al or Cu foil) was ∼149 and ∼175 μm, respectively. The designed reversible capacity based on the total positive electrode area was ∼3.1 mAh/cm 2 . Each pouch cell had a 81 mm × 55 mm footprint area, weighed 64.5 grams, and had a 3.3 Ah nominal capacity (related to which all C-rates in this work are given) with specific energy greater than 200 Wh/kg estimated at a size of 10 Ah or larger. In this work, all cells are high energy pouch cells with thick NMC622 and thick graphite electrodes otherwise specifically stated.
Initial screening.-After a formation process, about 20 pouch cells were screened. An initial rate capability test of all fresh pouch cells was performed at room temperature to examine the discharge capacity as a function of discharge C-rate. A multi-channel Arbin battery testing system (Model: BT 2000 with 32 channels, Arbin Instruments, USA) was used for the initial rate capability test. The initial rate capability test included five charge/discharge cycles with the same charge process and five different discharge C-rates: C/3, 1C, 2C, 3C and 5C. First, the pouch cells were charged using a constant current/constant voltage (CC/CV) protocol, i.e. the cells were charged at 1C-rate current to 4.2 V, and then were held at 4.2 V until the measured current dropped to C/20-rate. After resting for 30 min, the cells were discharged until the cutoff voltage of 2.8 V was reached. After the initial performance check, 10 "very similar" cells were selected for cycle aging test. We assume that the cells with close discharge capacities under the same C-rate and similar high-frequency resistances (HFR) are "very similar". C/3 and 1C discharge capacity of these selected 10 cells deviate from average discharge capacity of all manufactured cells by +1.30%/−1.22% and +1.44%/−2.13%, respectively.
Cycle aging tests.-Cycle aging tests of the 10 pouch cells were performed using a multi-channel LAND instrument battery testing system (Model CT2001B-5V-10A, Land Instruments, China) at room temperature. The test protocol for each cycle included five steps: (1) a charge to 4.2 V at a 1C-rate, (2) a charge at a constant voltage of 4.2 V until the measured current dropped to C/10-rate, (3) a rest for 5 minutes, (4) a discharge to 2.8 V at a 2C-rate, and (5) a rest for another 5 minutes before going to the next cycle. When the cells reached a specific cycle number (for example, 300, 500, 1000 and 1500 cycles, etc.), the cycle aging test of one of the cells was stopped. Finally, 10 aged cells at varying cycle numbers were obtained. Please note that in this work, all aged cells refer to the cells that have been aged by cycling.
Diagnostic tests.-Two electrode and in-situ three-electrode diagnostic tests for the fresh and aged cells were performed to examine the cell performance decay and identify degradation mechanisms. In the literature, post-mortem analysis of aged Li-ion batteries as a very useful ex-situ method is often used to obtain chemical, structural and electrochemical change of electrode materials upon aging and identify the factors for the degradation. 16, 20, [34] [35] [36] For electrochemical postmortem analysis, re-constructed coin cells including half-cells and 3-electrode full cells with a Li reference electrode were fabricated from selected parts of aged electrodes. This kind of ex-situ electrochemical method allows us to obtain the electrochemical performance of the cell including remaining material capacity as well as impedance of aged positive and negative electrodes, respectively. However, during the reconstruction process, the interface between electrode and electrolyte and electrode microstructure may change. In this work, we will use an in-situ three-electrode method developed by our group 17 to measure positive and negative electrode potentials along with full cell voltage during the charge/discharge performance test, and also measure the impedance of the individual electrodes and full cell. This in-situ three-electrode method does not change the interface between electrode and electrolyte and electrode microstructure, and also provides a way to obtain the electrochemical performance and impedance of individual electrodes for whole cells.
For the three-electrode diagnostic tests, a fully discharged cell (discharged to 2.7 V at 0.1C-rate) was partially opened along the edge of one side in an argon filled glove box and then assembled into a fabricated three-electrode cell holder with a lithium-metal reference electrode. The three-electrode cell holder was fabricated based on our previous design, 17 which was modified in order to fit the size and shape of the pouch cells used in this work. The pouch cell was placed in the three-electrode cell holder, which was filled with the same fresh electrolyte solution as that for fresh cells. A copper wire with one end flattened was fitted in polyethylene tubing, and a piece of lithium metal was cold-welded to the flat surface to form a lithium reference electrode. 17 The other end of the copper wire was used as an electrical contact with a cable. The lithium reference electrode was then inserted into the fitting in the cell holder. Two terminals were inserted into the fittings in the cell holder and tightly contacted the positive electrode tab as positive voltage and current probes, while another two terminals were inserted into the fittings in the cell holder and tightly contacted the negative electrode tab as negative voltage and current probes.
Two-electrode diagnostic tests included rate capability tests at room temperature, 1C discharge capacity tests at three different temperatures (40/0/−10
• C), and impedance tests at room temperature. A multi-channel Arbin battery test system (Model: BT 2000, Arbin Instruments, USA) and a Modulab electrochemical test system (Solartron analytical, United Kingdom) were used for the capacity and impedance tests, respectively. An environmental chamber was used to control different ambient temperatures for the diagnostic test, except for room temperature. The test protocol for the capability test of aged cells was the same as that for initial rate capability test of fresh cells. For the capacity tests at different ambient temperatures, the cells were fully charged using CC (1C-rate)/CV (4.2 V) charging protocol at room temperature, and then the cells were discharged at required ambient temperature until a cutoff discharge voltage of 2.8 V was reached. For impedance tests at room temperature, the cells were fully charged and then discharged to ∼90% SOC at C/2-rate. After the cells were balanced for at least two hours at ∼90% state of charge (SOC), impedance test was performed with an AC voltage amplitude of 5 mV in the frequency range of 50 kHz to 0.005 Hz.
Three-electrode diagnostic tests included rate capability test at 25
• C and impedance tests at two different ambient temperatures (25 and −10
• C). The three-electrode diagnostic tests were performed for a fresh and two selected aged cells. The Arbin tester was used for the three-electrode rate capability tests at 25
• C. The test protocol for threeelectrode rate capability tests was the same as for the two-electrode rate capability tests. During the three-electrode rate capability tests, two auxiliary channels were used to simultaneously record the positive and negative electrode potentials. A Modulab electrochemical test system combined with an environmental chamber was used to perform the impedance tests. For the impedance tests, the cells were fully charged using CC (C/2-rate)/CV (4.2 V) charging protocol, and then were discharged to ∼80% SOC using a C/2-rate at 25
• C. After the cells were balanced at ∼80% SOC and required ambient temperature for at least four hours, impedance tests were performed for full cell, positive electrode and negative electrode in the frequency range of 50 kHz to 0.005 Hz.
Results and Discussion
Beginning-of-life (BOL) performance.- Figure 1a shows the discharge performance as a function of C-rate for a fresh cell at room temperature. The cell can achieve a C/3 discharge capacity of 3.20 Ah and a C/3 discharge energy of 11.65 Wh, which corresponds to a Coulombic efficiency of ∼ 99.3% (vs. a charge capacity of 3.22 Ah) and an energy efficiency of ∼ 91.9% (vs. a charge energy of 12.67 Wh). If extrapolating the same electrodes and cell components to a 10 Ah or larger cell, the cell energy density can reach >200 Wh/kg. One can also find that the rate capability of the fresh cell is very poor, which is typical for a high energy cell. For example, at room temperature, the discharge capacities under 1C, 2C, 3C and 5C are 3.10, 2.07, 1.15 and 0.28 Ah, which are 96.9%, 64.7%, 35.9% and 8.8%, respectively, of the C/3 discharge capacity. It is believed that the poor rate capability for a high energy cell is related to high internal cell resistance due to large resistance for Li ion transport within the thick electrodes. For a high energy cell, low temperature performance is also poor, as shown in Figure 1b . At 0, −10 and −25
• C, the cell can deliver 1C discharge capacities of 2.12, 1.35 and 0.35 Ah, which are corresponding to 68.4%, 43.5%, and 11.3% of the 1C discharge capacity at room temperature, respectively. The poor performance at low temperatures for a high energy cell is attributed to reduced conductivity of the electrolyte through the separator and inside the thick electrodes, limited lithium solid diffusivity in the electrode material particles and significantly increased charge-transfer resistance on the electrolyteelectrode interface. 37, 38 In addition, with increasing temperature from room temperature (∼23
• C) to 40
• C, 1C discharge performance improves slightly. In order to separate positive and negative electrode contributions from the full cell performance, the measurement of the capacity and impedance in a three-electrode cell was performed, as shown in Figures 1c and 1d , respectively. From Figure 1c , one can find that the difference between the positive and negative electrode potentials is almost the same as the full cell voltage at the same relative capacity (i.e. depth of discharge, DOD). In addition, the cell measured in a three-electrode cell can deliver a C/3 discharge capacity and energy of ∼3.17 Ah and ∼11.58 Wh, respectively, which are almost the same as those measured in a two-electrode cell ( Figure 1a) . Moreover, the profile of the positive and negative electrode potentials as functions of DOD is consistent with the results for either half-cells or full cells with Li reference electrodes as reported in the literature. 17, 39, 40 The results shown in Figure 1c implies that our three-electrode method can be used to effectively separate the positive and negative electrode potentials from full cell voltage during charge-discharge cycle, and the installation of Li reference electrode has no negative effect on the measurement of full cell voltage or cell charge/discharge capacity and energy. Moreover, as evidenced by Figure 1d , the sum of the positive and negative electrode impedances is almost the same as full cell impedance in the frequency range from 1 kHz to 0.005 Hz. However, there is some deviation of the sum of the positive and negative electrode impedance from the full cell impedance in the very high frequency range (>1 kHz), which is due to the different effects of inductance behavior on the positive/negative electrode and full cell impedances. In addition, at 25
• C, the cell impedance at 80% SOC is dominated by the positive electrode impedance, while the negative electrode impedance is quite small. This implies that the rate capability of a high energy cell mainly depends on the positive electrode. Figure 2 shows the effect of C-rate on full cell voltage and positive and negative electrode potentials as functions of relative capacity measured in a three-electrode cell during 1C charge-C/3 discharge process for a fresh cell at 25
• C. Capacity was normalized based on the C/3 discharge capacity of 3.17 Ah measured in the three-electrode cell. It is confirmed that for a high energy cell, rate capability of the cell mainly depends on the positive electrode. At 25
• C, since the kinetics of graphite negative electrode are fast, the negative electrode potential changes slightly with increasing C-rate from C/3 to 3C. Moreover, due to the sluggish kinetics of the NMC622 positive electrode, the decrease in full cell voltage with increasing C-rate mainly comes from the decrease in the positive electrode potential. This result is consistent with the three-electrode impedance test shown in Figure 1d .
Capacity fade.-The change of C/3 discharge capacity and capacity retention upon cycling is used to describe the capacity fade with cycle aging. Capacity retention is defined as the ratio of the discharge capacity of an aged cell at a certain cycle number to that of a fresh cell. Figure 3 shows 1C charge-C/3 discharge curves and C/3 capacity retention as a function of cycle number for the cells. During the initial stage (within 313 cycles), there is ∼10% loss in the C/3 discharge capacity, while almost no power fade is observed. During the secondary stage (from 313 to 1000 cycles), there is gradual capacity loss and power fade with cycle number. The capacity retention drops by ∼2.3% (from 90.0 to 87.7%) from 313 to 1000 cycles. However, after 1000 cycles (final stage), the capacity decay becomes fast and power fade becomes significant. The decay rate in the C/3 capacity retention during initial, secondary, and final stages is 3.19%, 0.33% and 3.46% per 100 cycles, respectively. In the case of C/3 discharge performance, there is almost no effect of power fade on the capacity fade since the aged cell capacity is still limited by a diffusion process. We will focus on capacity fade in this section and discuss power fade later.
For a comparison, another batch of pouch cells with thick NMC111 (Umicore) cathodes and thick graphite anodes were fabricated with the same procedure. The NMC111/graphite cells have similar electrode thickness, loading and cell size to NMC622/graphite. C/3 capacity retention at room temperature as a function of cycle number of NMC111/graphite cells is shown in Figure 3b . The trend in the capacity decay with cycle number for the NMC111/graphite cells is similar to that for the NMC622/graphite cells. Since NMC622 materials are less stable than NMC111, 3 cycle life for the NMC622/graphite cells is shorter than that for the NMC111/graphite cells (1419 vs. 1860 cycles with capacity retention of 75%) as expected. This implies that the NMC622/graphite cells have similar degradation mechanisms to the NMC111/graphite cells. In the literature, the degradation mechanisms for lithium ion cells with NMC111, [41] [42] [43] 45 cathodes have been relatively well documented. That is, the capacity fade is mainly attributed to the loss of lithium inventory caused by SEI layer formation/growth at the anode, and loss of active materials at the cathode. Similar degradation mechanisms have also been proposed for Li-ion cells with other cathode materials. 14, 19, 34, 46 For example, Snyder et al. 19 found that the entirety of capacity loss up to 80 cycles in LiCoO 2 /graphite cells can be attributed to the loss of lithium inventory caused by SEI formation and repair. Due to similarity between NMC622 and other NMC materials, for the NMC622/graphite cells studied in this work, the sharp decrease in C/3 capacity retention during the initial stage is considered to be due to the loss of lithium inventory caused by the quick growth of solid-electrolyte interphase (SEI) layer on the graphite negative electrode. [43] [44] [45] 47, 48 Gradual decrease in C/3 capacity retention during the secondary stage is attributed to continuously slow growth of the SEI layer on the graphite negative electrode. [43] [44] [45] 47, 48 As shown in Figure 3b , for both NMC662/graphite and NMC111/graphite pouch cells, the decrease in capacity retention (CR) with cycle number (N) during the initial and secondary stages depends on the square root of cycle number (N 1/2 ), which agrees with parabolic model of capacity fade due to SEI layer growth on negative electrode. [48] [49] [50] During the final stage, there is a significant drop in C/3 capacity retention, which deviates from the extension of the trend in the capacity fade with cycle number during the initial and secondary stages. This implies that besides the growth of SEI layer, there is another factor contributing to the significant loss of lithium inventory and severe capacity fade during the final stage, which is believed to be due to lithium plating. Lithium plating has been considered as one of the main reasons attributed to the abrupt capacity fade during the final stage in the literature. 10, 13, 23, 24, 34, 42 For example, Schuster et al. 24 reported that the abrupt capacity fade after the "turning point" from linear to non-linear aging characteristics is due to aging induced lithium plating, which may originate from reduced ionic kinetics of the graphite negative electrode as a result of SEI growth and the loss of graphite active materials. Burns et al. 42 believed that electrolyte oxidation products are produced at the positive electrode and migrate to the negative electrode where they are reduced as a solid layer of unwanted materials on the front surface of the negative electrode; moreover, after a sufficient number of cycles the layer of unwanted materials becomes thick enough to significantly reduce ion transport to the bulk of the negative electrode, which leads to large kinetic issues when trying to cycle the cell and subsequent lithium plating. Gallagher et al. 10 observed obvious Li deposits on graphite anode for cycled NMC622/graphite pouch cells, especially for the cells with high loading active materials (i.e. areal capacity ≥3.3 mAh/cm 2 ); and found that Li deposit associated with lithium plating dramatically increases with increasing electrode thickness. Similarly, in this work, for the pouch cells with thick electrode, since the areal capacity is as high as ∼3.1 mAh/cm 2 , the cells tend to lithium plating during the final stage.
Power fade.- Figure 4a shows 1C charge-1C discharge performance of fresh and aged cells at room temperature. One can find that within 313 cycles, there is almost no power fade in the case of 1C discharge and cell performance decay is mainly the capacity fade. However after 313 cycles, there is a significant power fade upon further cycle aging, especially from 904 to 1500 cycles. In order to identify whether the power fade comes from either the positive or negative electrode, three-electrode diagnostic tests were performed for a fresh and two aged cells with 904 and 1500 cycles. Figures 4b, 4c and 4d show full cell voltage, positive and negative electrode potentials, respectively, as a function of discharge capacity during the 1C discharge process for fresh and aged cells at 25
• C. It is noted that the performance of the aged cell at 1500 cycles improves when it was measured in a three-electrode cell, compared with a two-electrode cell. This kind of performance improvement is due to the reduction in contact resistance and the use of fresh electrolyte solution in the three-electrode cell. We will discuss this issue in detail later. Table I summarizes the average full cell voltage and positive and negative electrode potentials measured in a three-electrode cell during 1C discharge step at 25
• C. In the case of 1C discharge, the power fade of the cell upon aging mainly comes from the positive electrode. For example, after cycle aging for 904 cycles, the average full cell voltage decreases by ∼91 mV, which mainly comes from the decrease in the average positive electrode potential (∼93 mV), while the average negative electrode potential changes minimally. After cycle aging for 1500 cycles, the average positive electrode potential decreases by ∼181 mV, while the average negative electrode potential decreases by ∼19 mV. This implies that the power performance of positive electrode is worsen, while that of negative electrode is improved. The improvement in the performance of negative electrode may be related to increased electrochemical reaction area of negative electrode materials caused by the dramatic crack propagation of graphite negative electrode materials, as to be confirmed by three-electrode impedance tests at −10
• C later. Therefore, the average full cell voltage decreases by ∼162 mV, which also mainly comes from the positive electrode. Generally, power fade of a Li-ion cell upon aging is directly related to the impedance rise of the cell. In order to identify the degradation mechanism for the cell power fade, the impedance of fresh and aged cells was measured at 90% SOC and room temperature in a two-electrode cell, as shown in Figure 5a . For most of the aged cells (at ≥313 cycles), there are two obvious arcs located in the highfrequency and medium-frequency regions, followed by a Warburg diffusion impedance (a straight line) located in low-frequency region. While for the fresh cell and aged cell at 66 cycles, the two arcs in the high-and medium-frequency regions are overlapped. From the impedance test of a fresh cell (Figure 1d ) and that for aged cells at 904 and 1500 cycles in a three-electrode cell, Figure 6 , it was confirmed that the full cell impedance mainly comes from the positive electrode. The high-frequency arc is attributed to the migration of Li ions through the surface film formed/grown on the positive electrode active materials 41, 51, 52 and/or electronic transport in the electrode, 53,54 while the medium-frequency arc is related to the charge-transfer reaction (mainly positive electrode). 51, 52, 54 The Warburg diffusion impedance in the low-frequency region is related to Li solid diffusion in the active materials and electrolyte salt diffusion process. An equivalent circuit with two time constants (Figure 5b ) was proposed and used to fit the experimental impedance data in the high-and medium-frequency region. In the equivalent circuit, L is the high-frequency inductance due to cable wires; R ohm is ohmic resistance from the electrodes, electrolyte, separator, current collector and the contact between cell components; CPE 1 and R 1 are constant-phase-element (CPE) and resistance related to the surface film and/or electronic transport in the positive electrode, respectively; and CPE 2 and R 2 are the CPE and charge-transfer resistance related to the charge-transfer reaction at the electrodes (the positive electrode mainly), respectively. The impedance of CPE is defined by the equation: Z CPE = A/(jω) n , where j is the complex number, ω is the angular frequency, and A is the coefficient of the impedance of CPE. The fitting parameter values for the cell impedance of fresh and aged cells at 90% SOC and room temperature are summarized in Table II . The experimental impedance spectra of the cells and the fitted ones show good agreement for all fresh and aged cells, as illustrated in Figure 5a . Figure 5c shows the evolution of resistances related to different processes as a function of cycle number at room temperature for the cells. The ohmic resistance (R ohm ) and charge-transfer resistance (R 2 ) are both nearly constant within 1000 cycles, and they gradually increases with cycle number after 1000 cycles. The resistance R 1 significantly increases with increasing cycle number from 0 to 1500 cycles, which results from growth of surface film on the positive electrode active materials. After 313 cycles, the contribution of the resistances to the total cell resistance is in the order: resistance related to the surface film/electronic transport (R 1 ) > charge-transfer resistance (R 2 ) > ohmic resistance (R ohm ), and the contribution of R 1 becomes larger with more cycles. The total cell resistance (R total ), the sum of R 1 , R 2 and R ohm , significantly increases with cycle number. For example, for an aged cell at 1500 cycles, the total cell resistance is ∼109 cm 2 , more than three times that for a fresh cell (∼30 cm 2 ). Great increase in the cell resistance upon aging leads to a significant power fade, as shown in Figure 4 .
Three-electrode impedance tests for fresh and aged cells were performed in order to explore how the change of the positive and negative electrode impedance upon aging affects the cell impedance rise. Figure  6 shows a comparison of the full cell, positive electrode and negative electrode impedances at 80% SOC and 25
• C among fresh and two aged cells with 904 and 1500 cycles. One can find that the positive electrode dominates the full cell impedance, for both fresh and aged cells. Compared with the positive electrode impedance, the negative electrode impedance is small and can be neglected. The same equivalent circuit shown in Figure 5b was used to fit the cell and positive electrode impedance spectra (except for Warburg diffusion impedance in the low-frequency region) measured in a three-electrode cell. Please note that in the case of positive electrode impedance, R ohm is ohmic resistance of a half-cell consisting of positive electrode, CPE 1 and R 1 are related to surface film on the positive electrode active materials and/or electronic transport in the positive electrode, and CPE 2 and R 2 are related to the charge-transfer reaction at the positive electrode. The experimental impedance spectra of the full cells and positive electrodes and the fitted ones show good agreement for the fresh and aged cells, as illustrated in Figure 6a and 6b. The fitting parameter values for the full cell and positive electrode impedance as a function of cycle number at 80% SOC and 25
• C are summarized in Table III . Figure 7 shows a comparison in the resistance related to different processes fitted from the impedance test data (Figure 6a and 6b) full cell and positive electrode at 25
• C. For fresh and aged cells, the resistance R 1 and the charge-transfer resistance (R 2 ) for the positive electrode are almost the same as those for the full cell. Moreover, with increasing cycle number, the increase in R 1 and charge-transfer resistance (R 2 ) for the positive electrode impedance followed almost the same trend as that for the full cell. In addition, the rise in cell impedance upon aging mainly comes from the increase in the positive electrode impedance. These results imply that the power fade of the cell upon cycle aging is mainly due to the positive electrode including the increase in the resistance related to the surface film/electronic transport, and the increase in its charge-transfer resistance, which is consistent with the discharge performance of the full cell and the positive electrode measured in a three-electrode cell (Figure 4) . respectively. Before the discharge, the cells are fully charged using CC (1C-rate) / CV (4.2 V) protocol at 25
• C. At both 0 and −10 • C, there is not only a significant capacity fade, but also a great power fade upon aging, especially from 1000 to 1500 cycles. Compared with the power fade at room temperature, the power fade at low temperatures becomes more significant. Figure 8c shows 1C discharge capacities as a function of cycle number at four different temperatures in the rage from 40 to −10
• C. Generally, the capacity decay at lower temperature becomes faster, which is due to stronger effect of power fade on the 1C discharge performance.
In order to identify the source of the significant power fade at low temperatures, impedance tests using the three-electrode configuration was performed at −10
• C for fresh and aged cells. Figure 9 shows a comparison of the full cell, positive electrode and negative electrode impedances at 80% SOC at −10
• C for a fresh and two aged cells at 904 and 1500 cycles. In the case of full cell impedance (Figure 9a) , there is an arc, a diffusion line, another arc and a short inclined line related to Warburg diffusion impedance located in the high, medium, low and extra-low frequency regions, respectively. Compared with the full cell impedance at 25
• C (Figure 6a ), an additional diffusion line appears in the medium-frequency region at −10
• C. Since full cell impedance (real part and imaginary part) is theoretically the sum of positive electrode impedance and negative electrode impedance at every frequency, based on the analysis of the characteristic frequencies of the arcs and additional diffusion line that appeared in impedance spectra, it can be found that the high-frequency arc and the medium-frequency diffusion line of the full cell come from the positive electrode only; while for the low-frequency arc, it is contributed to by both positive and negative electrodes, especially for the fresh cell. When temperature is reduced from room temperature to −10
• C, due to slow lithium solid diffusion process in the particles of the electrode active materials and sluggish electrolyte salt diffusion in the electrodes, Warburg diffusion impedance becomes very large and a line related to Warburg diffusion impedance needs to be captured in extremely low frequency region. In this work, Warburg diffusion impedance appears as a short inclined line at −10
• C when frequency is swept to the low frequency limit of 0.005 Hz. In the case of positive electrode impedance at −10
• C, similar impedance pattern to full cell impedance is observed. Like that at 25
• C, the arcs in the high-frequency and the low-frequency region at −10
• C are attributed to the Li ion migration through surface film formed/grown on the positive electrode active materials and the charge-transfer reaction, respectively, while the additional diffusion line in the medium-frequency region at −10
• C may be due to the electronic transport in the positive electrode. Sun et al. 54, 55 investigated the impedance of LiMn 2 O 4 and LiNi 1/3 Co 1/3 Mn 1/3 O 2 cathodes and observed a similar phenomenon. In their work, the author also claimed that the high-frequency depressed arc at room temperature includes the contribution of electronic transport in the electrode. 55 In the case of negative electrode impedance at −10
• C, for a fresh cell, there is a small arc and a large arc in the high and low-frequency region, respectively, and an inclined line related to Warburg diffusion impedance in the extra-low frequency region; while for the two aged cells, the short inclined line related to Warburg diffusion impedance disappears. The high and low frequency arcs are attributed to the growth of solid-electrolyte interphase (SEI) layer and charge-transfer reaction at the negative electrode, respectively. 56 The short inclined line is due to slow lithium solid diffusion in graphite particles and electrolyte salt diffusion in the negative electrode.
Two different equivalent circuits, as shown in Figure 10 , were proposed to fit the impedance data (except for the inclined line related to Warburg diffusion impedance), one for the full cell and positive electrode and one for the negative electrode. The equivalent circuit for the impedance spectra in the case of full cell and positive electrode consists of three different time constants besides an inductor L and an ohmic resistance R ohm . Specifically, a constant-phase element (CPE) (CPE MF ) parallel with a resistance (R MF ) was used to fit the additional diffusion line in the medium-frequency region for better fitting. R 1 and CPE 1 for high-frequency arc are the resistance and corresponding capacitance related to surface film on the positive electrode active materials, R MF and CPE MF for the medium-frequency diffusion line are the resistance and corresponding capacitance related to electronic transport in the positive electrode, and R 2 and CPE 2 for the low-frequency arc are the charge-transfer resistance and double-layer capacitance. On the other hand, the equivalent circuit for the negative electrode impedance spectra consists of two different time constants besides an inductor L and an ohmic resistance R ohm . R 1 and CPE 1 for high-frequency arc are the resistance and corresponding capacitance related to the growth of SEI layer on the negative electrode, while R 2 and CPE 2 for low-frequency arc are the charge-transfer resistance and double-layer capacitance. The impedance spectrum of the negative electrode was fitted for the fresh cell only. It is very difficult to fit the impedance spectra for the negative electrode in the aged cells due to the complexity of their impedance data. Instead, charge-transfer resistance and total polarization resistance for the negative electrode in the case of aged cells were estimated directly from the impedance spectra.
The impedance spectra of the full cell, positive and negative electrodes for a fresh and two aged cells at −10
• C ( Figure 9 ) were fitted using above-mentioned equivalent circuits ( Figure 10 ). The fitting parameter values are summarized in Table IV . The total resistance of cell/positive electrode at −10
• C is dominated by charge-transfer resistance (R 2 ) rather than the resistance related to surface film on the positive electrode active materials (R 1 ), which is opposite to the case at 25
• C. At 25
• C ( Figure 6 and Table III) , the resistance related to surface film/electronic transport dominates the total resistance, especially for aged cells. When temperature is lowered from 25 to −10
• C, the charge-transfer reaction kinetics at the electrodes becomes more sluggish, leading to a larger contribution of charge-transfer resistance to the total resistance of the cell/positive electrode. Moreover, for a fresh cell, the charge-transfer resistance of the full cell is much larger than that of positive electrode at −10
• C, which implies that both positive and negative electrode contribute the charge-transfer resistance of the full cell, which is also quite different from the case at 25
• C, in which the negative electrode shows little contribution to the charge-transfer resistance of the full cell ( Figure 6 ). With lowering temperature from 25 to −10
• C, both of the charge-transfer resistances of the positive and negative electrodes significantly increase. However, due to their different activation energies related to charge-transfer process, the charge-transfer resistance of the negative electrode increases more significantly with decreasing temperature than that of the positive electrode, leading to higher contribution of the negative electrode to the charge-transfer resistance of the full cells at lower temperature. Figure 11 shows the ohmic resistance R ohm , the resistances (R 1 , R MF and R 2 ) related to different processes, and total resistance of fresh and aged cells in the case of full cells and positive electrodes at −10
• C. In the case of positive electrode impedance at −10 • C, with increasing cycle number from 0 to 1500 cycles, the total resistance of the positive electrode increased by 142 cm 2 (from 179 to 321 cm 2 ). With regard to the resistances related to difference processes on the positive electrode at −10
• C, the effect of aging is different. For example, from 0 to 1500 cycles, charge-transfer resistance (R 2 ) increased ∼155 cm 2 (from 58.3 to 213.6 cm 2 ); and the resistance related to the surface film (R 1 ) increased by ∼54 cm 2 (from 7.63 to 61.6 cm 2 ); while the electronic transport resistance (R MF ) decreased by ∼70 cm 2 (from 102.3 to 32.0 cm 2 ). The increase R 1 is a result of growth of the surface film on the positive electrode active materials. Clearly, the significant increase in both charge-transfer resistance and the resistance related to the surface film on the positive electrode active materials are two main factors for the increase in total resistance of the positive electrode at −10
• C. In the case of negative electrode impedance (Figure 9c and Table IV) , very surprisingly, the total resistance of the negative electrode at −10
• C decreases by ∼32 cm 2 (from 48.8 to 16.9 cm 2 ) from 0 to 1500 cycles, which mainly comes from the decrease in its charge-transfer resistance. The decrease in the charge-transfer resistance on the negative electrode after aging may be related to the increase in electrochemical reaction area of negative electrode materials caused by the dramatic crack propagation of graphite negative electrode materials, which is consistent with the discharge performance of negative electrode in the thee-electrode cell (Figure 4d and Table I ). At low temperatures such as −10
• C, although the total resistance of the negative electrode decreases upon cycle aging, significant increase in the total resistance of the positive electrode upon cycle aging leads to a great increase in the total resistance of the full cell. For example, from 0 to 1500 cycles, the total cell resistance at −10
• C increased by ∼81 cm 2 (from 242.1 to 323.1 cm 2 ). Therefore, the power fade of the cell at low temperatures is mainly due to the impedance rise of positive electrode upon cycle aging, especially the rising charge-transfer resistance and the increasing resistance related to the surface film on the positive electrode active materials. Zhang et al. 17 investigated the aging behavior of Li-ion batteries with LiNi 0.8 Co 0.15 Al 0.05 O 2 (NCA) positive electrode and graphite negative electrode and also found that the cell impedance rise comes mainly from the increase in the charge-transfer resistance and SEI layer resistance of the positive electrode. A comparison of cell performance measured in three-vs. twoelectrode cells.- Figure 12 shows a comparison of the 1C charge-C/3 discharge performances of fresh and aged cells measured at room temperature (∼23
• C) between in two and three-electrode cells. There is almost no difference in the cell performance for a fresh cell and an aged cell at 904 cycles. However, for an aged cell at 1500 cycles, the cell shows better C/3 discharge performance when measured in the three-electrode cell than in the two-electrode cell. For the same aged cell, similar results on 1C discharge performance were observed (Figures 4a and 4b) . In general, a lithium-ion pouch cell is sealed under vacuum during cell fabrication and thus it is compact for an as-fabricated fresh cell. For a fresh cell, the contact of cell components is very intimate to reduce the contact resistance between cell components. However, during cell aging, SEI layer at the graphite negative electrode continuously grows with cycling, leading to the loss of lithium inventory and possible gas evolution due to the reaction of lithium and electrolyte solvents. In addition, for the cells studied in this work, significant lithium plating during the final stage of cycle life test occurs, leading to severe capacity fade (Figure 3) . The deposited lithium on the surface of graphite negative electrode may also react with electrolyte solvents to thicken the SEI layer on the neg- ative electrode and produce more gases. Recently, Matasso et al. 57, 58 reported that gases are produced for a commercial lithium-ion cell with LiCoO 2 /graphite electrode as products of the reduction of electrolyte solvents on the surface of negative electrode during SEI layer formation/growth and cracking formation/propagation, and identified that the gases generated during repeated cycling are CO, CO 2 , CH 4 , C 2 H 6 , and C 3 H 8 using gas chromatograph-mass spectrometry (GC-MS) analysis. For the aged cell at 1500 cycles, swelling of the pouch cell can be obviously observed by an eye and the gases produced inside the pouch cell can be easily detected by touch. A large amount of gas decreases the electrode stack pressure, leading to the loss of the contact between cell components. Therefore, the aged cell at 1500 cycles shows much higher ohmic resistance than other aged cells at cycles of ≤1000 when measured in a two-electrode cell (Figure 5a ). For a three-electrode cell, when the cell was assembled, the gases produced inside the pouch cell have been released and the pouch cell has been compressed by the setup. Moreover, the three-electrode pouch cells is soaked in a fresh electrolyte solution. Very interestingly, there is almost no change in the ohmic resistance among fresh and aged cells in a three-electrode cell (Figures 6a and 9a) . For aged cells, lowering the ohmic resistance and strengthening the contact between cell components from two-to three-electrode cell together with the use of a fresh electrolyte solution in three-electrode cell lead to an improvement in cell performance (discharge capacity and power) measured in a three-electrode cell.
Conclusions
Capacity and power fade during cycle-life testing at room temperature were examined for high energy lithium-ion pouch cells with thick NMC622 cathodes and thick graphite anodes. The cells experience significant capacity and power fade upon aging. The cells exhibits a cycle life of ∼1419 cycles at capacity retention of ∼75%. Capacity fade is mainly due to the loss of lithium inventory, which is contributed to by two main factors: the growth of SEI layer and lithium plating. Power fade of the cell is mainly due to the degradation of the positive electrode including the growth of surface film on the positive electrode active materials and the increase in charge-transfer resistance. In order to further improve cycle life of high energy NMC622/graphite lithiumion batteries, it is necessary to avoid lithium plating and prevent rapid growth of SEI layer on graphite anode during repeated cycling, and increase stability of NMC622 electrodes and active materials.
